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ABSTRACT

Experimental data have been developed and analyzed that provide some substantiation
of the analytical concepts used in the fatigue reliability analysis outlined in reference 1.
Extreme failure data were derived from constant-amplitude fatigue tests of large panels
containing 300 identical and independent details, namely, circular holes. These tests simu-
late a fleet of separate détails under controlled operation.

Based on finite element analyses and photoelastic experiments, an acceptable panel
configuration was determined, providing a virtually identical stress field around each hole of
a large number of equally stressed holes. A Boeing-developed crack monitoring system,
which uses conductive paint, detected the cracks when they reached 0.02 in. in length. This
permitted the cracked holes to be reworked by oversizing and cold working such that the
influence on the stress fields of surrounding holes was kept at a minimum.

Estimates of the characteristic life and the log-average life were derived from constant-
amplitude fatigue tests of small, single-hole specimens loaded under the same conditions as
the large panels and showing a hole stress field identical to that in the large panel. These
estimates were used to predict the median time to first failure in the large panel.

The constant-amplitude fatigue tests establish the feasibility of testing single specimens
with a large number of identically stressed details to examine the time-to-failure distribution
characteristics of the population of details.
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SECTION |

INTRODUCTION

The variability of material or structure basic fatigue performance is one of the primary
problem areas in a reliability analysis of a fatigue-critical structure. Thus, like methods for
cumulative fatigue damage analysis, it is a source of continuous investigation. Recently, two
well-known distribution models were used to apply reliability analyses to the fatigue analy-
sis task. Use of the considerable available fatigue test data on aluminum alloys resulted in
demonstrating the probable existence of distribution pa:ameters that typify fatigue vari-
ability (ref. 1). Based on a knowledge of the distribution shape parameter, a fatigue reli-
ability analysis method was developed and shown to have some potential. However, the
effectiveness of the proposed method cannot be fully evaluated because of a lack of either
controlled fleet fatigue performance data from service use or identical laboratory fatigue
tests on very large groups of details. '

Although large fleets of both military and commercial aircraft do exist, the individual
aircraft are exposed to'variable or different operational programs or do not have environ-
mental load monitoring for each aircraft. Apparently neither the military nor commercial
service data are sufficiently identified or cataloged so that loading conditions for each
individual reported fatigue-critical detail can be precisely defined. Furthermore, laboratory
test data for groups as large as a few thousand identical details are unavailable.

It therefore appears essential to develop and to analyze suitable experimental data that
simulate controlled fleet operation. Toward this goal, a test of a large panel with many
identical and independent details, such as circular holes, was concé€ived. Subjecting such a
multihole panel to simple tension-tension, constant-amplitude, fatigue cycling, reflecting for
example an airplane’s ground-air-ground stress cycle, exposes all the holes to essentially the
same environmental loading, thereby providing the control not available currently. Succes-
sive detection and removal of initiated cracks in the individual holes for the first few occur-
rences during the fatigue test of the panel could provide technical data suitabie for evalua-
tion by a reliability analysis.

Section II outlines the fatigue testing that was conducted to evaluate the feasibility of
the program outlined in the preceding paragraph. Brief descriptions.of the fatigue testing
equipment and the crack detectiqn system are also presenied.

Section H1 describes the multihole test specimens and the results of the analytical work
accomplished toward selection of the chosen configuration of the specimens.

Section IV presents'the experimental results obtained from the test program and
includes the results of the static strain survey and the fatigue test.

Section V discusses the experimental results and their suitability as data for verifying a
reliability analysis method. ‘

Finally, section VI lists the conclusions arfived at and presents a few recommendations.




The appendix contains tables of strain gage locations and strain results during static
testing of both multihole panels.
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. SECTION 1] \

TEST PROGRAM

The goal of the major experimental phase of the program was the exposure of a large
number of identical and independent details to a known or controlled loading environment.
Regardless of actual test-machine loading, the test of a single large panel containing many
identical holes provided some consistency in load exposure for each individual hole. This
phase of the experiment can be considered to be a model of a closely controlled or moni-
tored fleet of aircraft. The mean fatigue performance was determined by subjecting small
single-hole specimens to a loading history similar to that of the large panel. Consistency in
manufacturing control was maintained by fabricating the small specimens from one of the
large panel specimens. To maintain simplicity in the loading environment, the tests were
conducted under a constant-amplitude, tension-tension fatigue load. This simulated an
idealized ground-air-ground cycle stress‘f?ange of an aluminum alloy wing lower surface
region. :

Two large, 144- by 48- by 1/8-in., 2024-T3 sheet, multihole panels were tested in an’
Electro Mechanical Research (EMR) programmed fatigue testing machine, figure 1. This
machine has a maximum load capacity of +150,000 b at a frequency range of 0.5 to 20 Hz
and it can accommodate specimens up to 180 in. long. The machine operates on the
hydraulic servovalve closed-loop principle, and random loading is accomplished by use of a
seven-track digital magnetic tape programmer. 'I'hejconstant-amplitude and programmed
loads approximate a square wave at low frequencies and a reversed exponential wave at high
fiequencies. A function generator provides sinusoidal wave shape, constant-amplitude load-
ing. Resolution of 100 Ib for contant‘-amglitude ldading and 300 Ib for programmed loading
is attainable. The loading range used for the test was a minimum of 6,000 Ib to a maximum
of 144,000 Ib, corresponding to a gross stress range of 1 to 24 ksi at a cyclic frequency of
200 cpm, using a reversed exponential wave shape.

Prior to and on completion of fatigye cycling, each panel was ioaded statically from ;
zero to 24 ksi in increments of 4 ksi for Both the loading and unloading portions of the load |
cycle. The first panel was instrumented with 19 axial strain gages, four rosette strain gages, .
and two photoelastic coatings, each 9 in. wide and 9 in. long. The location of these gages is
shown on figure 2 and their coordinates are tabulated in the appendix, together with the
static results. Three static load cycles were applied to panel | prior to fatigue cycling, and
one single loading cycle was applied on completion of the fatigue test. Strain readings were
taken and recorded on all four cycles, whereas the photoelastic coating was read only at the
maximum load condition of the first cycle. The second panel was equipped with only 12
strain gages, as shown in figure 3 and tabulated in the appendix. Two loading cycles prior to,
and a single load cycle on completion of, fatigue testing were applied to the panel; the strain
gage readings were recorded and are presented in the appendix.

After applying the three static load cycles on panel 1, the two photoelastic coatings
were removed, the panel was cleaned locally, the crack detection circuitry was completed,
and fatigue cycling was begun, A Boeing-developed crack-monitoring system that uses
conductive-paint crack-detection circuits was used on this test program. Twenty circuits




were used on cach panel to monitor both faces of the panel; figures 4 and 5 illustrate a

ty pical nine-hole section on the panel and the detail around a single hole, respectively. The
20 circuits were wired into a visual and audible alarm system so that initiation of & crack
would break the applicable circuit and trigger the alurm. At this occurrence, the test
machine was switched off, the broken circuit identified, and the location of the cracked
hole determined. The existence of a crack in the hole was verified, under load. using a red
dye penetrant (VP30 from the Met-L-Check Company), D-70 developer from the same com-
pany. and a 14-power hand-held magnificr. If the hole was cracked, the crack length was
measured and then the hole reamed oversize to reinove all traces of the crack. The oversized
hole was then cold worked to prevent any further cracking at that location, and the broken
detection circuit was repaired. Fatigue cycling was then restarted and continued until the
next oceurrence of a circuit break when the procedure just described was repeated. On a few
occasions, burrs on the drill exit face of the panel initiated failures in the painted circuits
without any corresponding cracks in the panel. The operational procedure at these times
was simply to repair the broken circuit and then to continue cycling to the next positive
indication ot a crack. Atter obtaining the initial 22 failures on the first panel in this manner,
the fatigue test was stopped and a final static loading cycle applied.

The procedure for the second panel was a repeat of that just described for panel 1,
except that no photoelastic coatings had to be removed. and the initial 30 failures were
obtained prior to stopping the fatigue test.

Finally, a third panel. which had been drilted on a numerically controlled machine in a
manner similar to the other two panels. was cut up into 20 small single-hole specimens. The
locations of these specimens with regard to the overall panel are shown in figure 6. These
specimens were provided with crack-detection circuits as on the two multihole panels and
were fatigue tested at a constant cyclic stress of 12.5 + 11.5 ksi. The fatigue machine was a
Sonntag Model SF-10-U. a constant-dynamic-force, inertial-compensating, mechanical-
oscillator-ty pe machine. Dynamic loading is a ‘sinusoidal load superimposed on the static
mean load by a synchronous motor rotating an adjustable eccentric mass. Flexure plates are
incorporated to allow.motion only in the vertical direction. The test was conducted with a
2:1 multiplierhead replacing the standard head: with this head installed. machine capacity
was increased to 10.000 + 10.000 1b. Cyclic frequency was a constant 30 hz.  The
crack-detection circuits on the specimens were wired to the test machine so that, at initia-
tion of a crack. the machine was switched off. As before. the holes were inspected for a
crack using dye penetrant. and positive indications were measured and their lengths and
cyclic lives recorded. The specimens were then cycled to final failure. P

nl, . . .




SECTION Il

TEST SPECIMENS

Fer the multihole panel, a configuration was chosen that provides 2 maximum number
of holes surrounded with complete identical stress fields. As shown in figure 7, the
1/8-in.-thick, 48- by 144-in. panel contains 300 holes arranged in a matrix of 15 columns
and 20 rows in the central portion of the plate. The 3/16-in.-diameter holes are equally
spaced 3.2-in. apart (= 17 diameters) between the rows and columns. The edge margin of
the holes in columns 1 and 15 is 8.5 diameters. and rows 1 and 20 are about 7/10 of the
plate width from the grip. At the grip ends, |/16-in.-thick doublers have been bonded to the
plate on both sides. The configuration of the single-hole specimen was chosen to obtain a
stress concentration tactor equal to that of the identically stressed holes of the multihole
panel. As shown in figure 8, these specimens are 4 in. wide and contain a 3/16-in. hole in the
center.

At the present time, a closed-form solution for the stress analysis of a multihole panel
is not possible, and a computational solution for the panel including the holes is impractical.
The two primary parameters in the analysis are:

@ Interaction of holes on each other and of holes and boundaries

o  Constraint imposed by the stiff grips
These parameters were considered separately in an effort to find an optimal multihole panel
configuration. Some initial exploratory work was performed on both subjects using a three-
node, cons!@nt—srrziih, finite-element, computer program and a photoelastic model. The com-
puter program is capable of analyzing the stress and deformation of two-dimensional struc-
tures subjected to in-plane loads and displacements and uses stress-strain response character-
istics of the structural materials. Related to hole interaction effects, this study revealed the
following results:

o Inaninfinite plate containing a-matrix-like array of regularly spaced holes of the
same size and subjected to a tensile load parallel to the line or column of holes,
the maximum stress and stress concentration factor at the end holes may
approach that of the interior holes, depending upon the spacing between holes.
This difference can be reduced by either increasing the distance between the first
and second holes or by enlarging the end hole. However, when applied to a finite-
width strip, this latter approach becomes less valid. as the maximum stress at the
end holes increases upon enlarging its size, because the net section is reduced.

To explore this inteiraction effect between the first and second holes along
the load direction and the distance between the first hole and the grip, studies
were made on the simplest specimen envisaged. namely. a strip of aluminum
sheet, rigidly gripped at the ends, and containing a single line of holes parallel to
the axial load.

e Some results obtained from the investigation are presented in table 1. The param-
eters that were varied were the grip distance to the first hole and the distance
between the first and second holes. It is noted from these results that increasing
the distance to the first hole from five to nine diameters lowered the ratio of the
stress concentration factors K /K2 (table 1) by about 1%7. However, increasing
the distance between the first and second hole from four to six hole diameters
lowered the ratio of the stress concentration factors by about 2%.
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®  An experimental check of this finite element solution was obtained from results
of a photoelastic study made available from the Boeing Scientific Research Labor-
atories (ref. 2). A specimen 0.132 in. thick, 2.5 in. wide, and containing a single
row of three holes spaced 1.5 in. apart was the model. This specimen was axially
loaded in tension, and variations in peak stress differentials were obtained by
varying the diameters of the central and outer holes, respectively. Table 2 sum-
marizes the results of this experiment. Again, as noted in the preceding numerical
study, it was observed that a reduction in distance between the first and second
holes caused an increase in peak stress differential. It is also interesting to note,
from an examination of cases 1 and 2 in tables 1 and 2, that the predicted peak
stress differential is very similar to the values that were measured experimentaliy.

® In a semi-infinite plate containing the same array of holes, with the rows of holes
parallel to the plate edge and subjected to a tensile load also parallel to the plate
edge, the stress concentration factor for the edge holes may approach that of the
interior holes, depending on the edge margin. This difference will approach zero
with increasing spacing and edge margins. The mathematical solution of Mindlin
(ref. 3) for a semi-infinite plate with a hole near the plate edge and the solution of

Schoulz (ref. 3) for an infinite plate with a single row of holes perpendicular to
the load direction reveal a difference in the stress concentration factors for the
hole near the edge and the interior holes of approximately 1% or less for ratios of
hole distance to hole diameter larger than 13 and for ratios of edge distance to
hole diameter larger than 6.5.

Having demonstrated the feasibility of obtaining practically interaction-free details
within a single multihole specimen--about 1% variation in peak stress for the given ratios of
hole spacing to hole diameter and eJge distance to hole radius of 13—it was decided to
examine the effect of Poisson’s ratio on the peak stress distribution. As before, a flexible
sheet panel, rigidly constrained at the ends by stiff grips, was considered as the test
specimen. No holes were included in this case as if was computationally impractical.
Symmetry of the specimen also reduced the size of the program by modeling only a quarter
plate section of the test specimen.

The chosen grid of 24 by 32, standard, three-node, constant-strain, trizngular elements
and results of the computer analysis are presented in figures 9 through 12 for four grip con-
figurations. In the areas of larger stress gradients in the vicinity of the grips, a finer grid
would result in 2 more accurate stress evaluation. The numbers written on the elements are
the precentage differences in individual element equivalent stress and the average equivalent
stress of the elements along the horizontal centerline (i.e., the number +2 means a stress
increase between 1.5% and 2.5%; in the shaded areas, the stress change is between 0.5% and
+0.5%). The coordinate stresses o, 0,, and 7,,,; principal stresses 0, 0y, and 7. ; and
equivalent stress based on the distortion energy (v. Mises and Hencky) have been calculated
for each element and nodal point of the plate. The equivalent stress has been taken as the
measure of the stress field variation over the panel, the variation is shown in figures 9
through 12.

Figure 9 shows the stress variation derived for a plate with constant cross section over
the whole plate length and an initial displacement put directly on the plate in the grip area.
Figure 10 shows the stress variation derived for a plate with constant width but containing
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six equalily spaced | 6-in.-long, 3/16-in.-wide slots at the grip end parallel to the load direc-
tion and an initial displacement put directly on the plate in the slotted grip area. Figures 11
and 12 show the stress variations derived for similar plates as in figure 9 but with rectangular
doublers and U-shaped doublers, respectively, bonded to the plate on both sides of the grip
ends. Here the initial displacement was placed on the doublers as the calculation of the load
transfer over the bond elements to the plate is incorporated in the computer program.

As a result of these computations, it was decided that a maximum of 300 holes per
panel, 3/16 in. in diameter, was acceptable. By arranging these holes as shown in figure 7, a
spacing of slightly more than 17 diameters is obtained. A picture of the hole field of panel 2
is shown in figure 13. This matrix of holes is located over the central area of the panel, and
it is expected that only 10% of the holes will be in areas with as much total stress variation
as 5%. In this context, total strcss variation is the difference in equivalent stress level
between the hole in the area with the lowest and the hole in the area with the highest equiv-
alent stress. These percentages apply only to the plate with the bonded U-shaped doublers.
However, for a panel with rectangular doublers, 25% of the holes would be in areas with a
6% stress variation, and if the doublers would be left off 16% of the holes would be in areas
with a 4% stress variation and 17% of the holes in areas with a 5% stress variation for the
panel with the slotted grips and the panel with constant cross section, respectively. The final
choice, consequently, was the plate with the bonded U-shaped doublers shown in figure 12.

As a result of a comparison of the stress concentrations around the intermediate holes
of the multihole panel and the hole in the single-hole specimen, the combination of a
3/16-in.-diameter hole with a 4-in. width was found acceptable for the small specimen.
Based on reference 3 and the foregoing study, the stress concentration is assumed to be
about o, /0 = 3.0, with less than 1% difference between the intermediate and the single
hole.

The material used for fabricating the specimens was 2024-T'3 bare aluminum alloy,
0.125 in. thick, purchased from Reynolds heat H/T lot KH 17273-0. Two multihole panels
and 20 single-hole specimens were fabricated, per figures 7 and 8, on a numerically con-
trolled drilling machine using first a No. 15 (0.180-in. diameter) Nu Con 77 drill at 2400
rpm and finishing with a 0.187-in.-diameter reamer at 600 rpm.

Muitihole panels 1 and 2 were unaltered from their original purchased size. The single-
hole specimens were cut out from a third panel per figure 6 after all holes had been drilled.
The 3/16-in.-diameter holes drilled in multihole panel 1 and in the single-hole specimens
were left as drilled, with the burrs at the hole edges projecting from the drill exit face. Panel
2, however, was lightly sanded along each column of holes in the longitudinal direction on
both sides, using 6C0-grit sandpaper backed by a flat steel block. Any trace of burrs project-
ing from the faces was removed by this operation. This was required because the primer for
the liquid paint wires could not adhere to the edge of burred holes due to the slight lips at

unsanded hole edges.




SECTION IV

TEST RESULTS

1. STATIC STRAIN SURVEY

a.  Photoelastic Coating

Panel | was equipped with two 9- by 9-in. photoelastic coats at the locations shown in
figure 2. Readings were taken at maximum load on the first static loading cycle. Considering
first the lower right location, readings were taken at points |1 through 4. Point | was equi-
distant between the two holes on rows 18 and 19 and along column 13. Point 2 was diag-
onally equidistant between the four holes on rows 18 and 19 and on columns 13 and 14.
Point 3 was equidistant between the two holes on row 19 and columns 13 and 14. Finally,
point 4 was located equidistant between column 15 and the edge of the panel and between
rows 18 and 19. This is illustrated in figure 14, and the representative stress values are given
in table 3. The results of the photelastic coating near the panel’s central area are shown in
figure 15. The readings showed a uniform stress distribution and consequently were not
recorded.

b.  Strain Gage Results

The complete st of strain gage results are tablulated in the appendix, and the informa-
tion contained in this section has been limited to these data in reduced form. A typical
stress-strain curve showing the strain gage data during loading and unloading is presented in
figure 16. The data points correspond to average strain at the load steps of the d and
third static test cycles given by strain gage 1 on panel 1 (see the appendix). K

A consistent difference in strain between all gages placed along the vertical plate cen-
terline and the gages located near the panel edge was noticed. The corresponding average
percent differences at the different y-locations shown in figure 17 are based on the calcu-
lated strain and are compared to the finite element computer analysis results. Stress-strain
curves that represent the average of four strain gages on the vertical centerline and the
average of eight strain gages near the plate edge of panels | and 2, at the location y = 109
in., are shown in figure 18.

Strain gage data that were read before and after the fatigue test from gages 13 and 23,
which were next to the cold-worked holes, are shown in figure 19. Gage 23 was located
between holes 20-1 and 20-2, of which hole 20-1 had developed a fatigue crack and was
reworked to 3/8-in. diameter. Gage 13 was located next to hole 1-8, which had developed a
second fatigue crack after the normali repair procedure and was consequently oversized and
cold worked again to a final diameter of 0.567 in.

2.  FATIGUE TEST RESULTS

a. Single-Hole Specimens

Twenty single-hole specimens were fatigue tested, and their cyclic lives to the first
observed crack and to final failure were both recorded. The specimens were all tested in the
same test machine, and the results have been tabulated in the order of testing sequence in




table 4. The designation of left or right side of the hole applies when looking at the
drilt-entry face of the specimen.

" b, Multihole Specimens

The results of the fatigue test on panel 1 are tabulated in table 5 and illustrated on
figure 20. As before, the designation of left or right side of the hole applies when looking aut
the drill-entry face on the panel. The hole at row 19, column 2 and that at row 13, column
12 had cracks of 0.04 in. and 0.05 in., respectively, when first detected. The burrs at these
two holes prevented locating crack detection circuits closer to the edges of the holes to
allow observation of shorter cracks. During dritling of the panel, slight gouging of the panel
occurred at two locations on the drill entry face as a result of incomplete raising of the drill
head. A shallow horizontal gouge connected the two holes on row 3 at columns 14 and 15.
Hole 3-15 also had a small vertical gouge. A fatigue crack resulted along the gouge at bole
3-14. On detection at 20,500 cycles, the crack was 0.06 in. long. The hole on row 2, column
1S was also gouged, with a shallow horizontal gouge extending from the left side of the hole
approximately haltway to the adjacent hole. It should be noted that this hole was the loca-
tion of the first failure at 18,768 cycles; the crack initiated on the right side of the hole. At
26,901 cycles, the hole at row |, column 8, which had been reamed out and cold worked
carlier at 24,060 cycles, developed a further crack. After reworking this hole, it was decided
that the final oversized hole was sufficiently large at 0.567 in. to interfere with the adjoining
holes. Consequently, these adjacent holes at row 1, columns 7 and 9 and row 2, columns 7,
8, and 9 were all cold worked to circumvent any further cracking in this area. Fatigue
cycling was terminated on panel 1 at 28,788 cycles after crack initiation at hole 13-9,

The fatigue test results from panel 2 are tabulated in table 6 and illustrated on figure
21. The hole at row 15, column 10 was badly deformed during drilling and subsequently
was reamed oversize and cold worked prior to any fatigue cycling. On this panel, both faces
were sandud smooth prior to (and to facilitate) instaliation of the crack-detection circuits.
Fatigue cycling was terminated after 40,423 cycles had been accumulated on the panel and
30 cracks had been initiated.




SECTION V

DISCUSSION OF TEST RESULTS

1. STATIC STRAIN SURVEY

The results of the photoelastic coating on the first panel showed that, within the
accuracy limitations of the technique, a uniform stress distribution existed at both areas on
the panel. It should be recalled that these were 9- by 9-in. squares only, resulting in a fairly
localized stress survey. However, the axial and rosette strain gages were widely distributed
over the panel and did show a nonuniformity in the strain distribution across the width of
the panel. Referring to the strain results given in the appendix and to the typical reduced
data presented in figures 16 and 18, it can be seen that both panels exhibited the same strain
behavior and were both symmetrically loaded over the panel width and thickness. Consider
first the horizontal centerlines of the panels. The gages located toward the edges of the
panels between the first and second and the fourteenth and fifteenth columns of holes
showed an average level of strain that was 2.6% higher than the gages at the centers of the
panels. This same trend was maintained throughout the area of the panels that contained the
matrix of holes. For example, an average 2% variation in strain was measured at: the first row
of holes and an average 2.6% variation at the twentieth row. It was also confirmed that the
strain variation across the panel width then increased as the bonded doublers were ap-
proached. This information has been summarized on figure i7, which also lists, for compari-
son, the expected stress variations predicted by the finite element analysis.

Referring to figure 17, it can be seen that an acceptable correlation between predicted
and measured variation existed at the top and bottom rows of holes. However, along the
horizontal centerline, the average measured variation of 2.6% was rather unexpected a- the
finite element solution shows a uniform stiess distribution. The reason for this discrepancy
is not clear at this time but may be a result of the idealization of the panel or of he accur-
acy in the strain gage readings, which were +2%. It had been assumed that tiie bonded
doublers on the ends of the panel had a constant positive displacement across their width.
The test machine, however, was equipped with {riction grips, and it is conceivable that a
uniform displacement was not achieved. More importantly, strain variations of this amount
are within tolerable bounds and so should not unduly prejudice the ensuing fatigue results.

Finally, figure 19 compares the behavior of strain gages adjacent to holes that
developed cracks during fatigue cycling. Both gages were on panel 1. Gage 23 was located at
row 20 between the holes in columns 1 and 2. During cycling, a crack deveioped at hole
20-1 at 27,205 cycles. This hole was then typically oversized and cold worked to a final
diameter of 0.38 in. Figure 19 shows gage 23 results taken before and after cyclic testing. It
can be seen that the readings are virtually identical, and no apparent interference resulted
from reworking an adjacent hole. Gage 13 was located at row 1 between the holes in
columns 8 and 9. At 24,060 cycles, hole 1-8 developed.a fatigue crack and was reworked to
a diameter of 0.38 in. However, at 26,901 cycles, ano;her fatigue crack was discovered in
the repaired hole. After re-oversizing and cold working, the final hole was 0.567 in. in dia-
meter. This was larger than the 0.38-in.-diameter limitation that had been defined for
reworked holes and was believed to be of a size to cause local interference. This belief was
verified at the end of the fatigue test when the gage was read. Figure 19 shows a marked
difference in the gage 13 readings before and after fatigue cycling. It should be noted that
this was the only occurrence on this program when a repaired hole exceeded the 0.38-in.-
diameter size restriction. .
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2. FATIGUE TEST RESULTS

a.  Single-Hole Specimen Results

The fatigue results on the small specimens were summarized in table 4. From these
results it was noted that 14 of the 20 cracks initiated on the drill-exit side. As mentioned
previously in section [11, the small specimens were cut from a large panel that had been left
as drilled, with no attempts at burr removal. Therefore, the preponderance of the failures on
the exit side was not really surprising. More to the point, however, was the order in which
the failures occurred. For example, there were four exit-side failures prior to the first entry-
side failure; seven more exit-side failures preceded the second entry-side failure. No recog-
nizable variation in the propagation times to failure between the drill entry and exit sides
was observable. Times to a 0.02-in. crack lay in the range 65 to 857 of life to failure, with
the average value falling at 73% of failure life. This vitlue is consistent with the data pub-
lished in reference 4, considering the differences in material thickness, specimen geometry, etc.

The fatigue test data were analyzed to obtain necessary statistical information. As in
reference 1, the log-normal and Weivbul’l distributions were considered, and the maximum
likelihood unbiased point estimates of the shape and scale parameters were obtained. These
estimates were summarized on table 7. It was obvious that the scatter in the test results was
of a low order, typical of closely controlled laboratory testing where a single heat of mate-
rial was used in conjunction with closely monitored testing procedures. The exit-side failures
were analyzed separately from the entry-side failures because of the bias taward the exit
side and for comparison with the panel.results. It can be seen from the results that. depend-

ing on the statistical model used. therc was a 7% to 10% difference on the average between

the exit and entry sides. It was also noted during analysis that scatter of the results based on
life to failure was somewhat lower than the already low scatter of the 0.02-in. crack-
initiation times. This was not entirely unexpected as it seems quite likely that small varia-
tions in the 0.02-in. crack length must exist in the data and be reflected as largér scatter.

b. Multihole Panel Results .

Panel 1, as in the case of the single-hole specimens, was left in the as-drilled cofidition |
with visible burrs at the hole edges on the drill-exit face. Not unexpectedly. more than two-
thirds of the fatigue cracks initiated at the drill exit face. Moreover, only four gracks
initiated on the inside edges of the holes, i.e., growing towards the vertical centerline of the
panel. These results are tabulated on table S. arﬁ*\he failure locations are shown in Yigure
20. Referring to this figure, note that there were sdven pairs of adjacent failures. Two pairs
were horizontally adjacent at row 7, columns 11 and 12 and at row 19, colunmins 4 and 5. A
single pair at rows 13 and 14, column 1 were vertically adjacent and four pairs were diag-
onally adjacent. These were holes 3-1 and 4-2. 8-14 and 9-15. 19-2 and 20-1. and finally
2-15 and 3-14. Furthermore, this last pair—the first and third recorded failures—were, as
mentioned in section 1V, at a location that had been slightly gouged during the drilling of
the holes. Other than these two holes, only onc other hole (3-15) was gouged and this did
not suffer a failﬁre.‘ ecause of the uncertainties of these gouged holes, their results were ]
discounted. ‘

The first point pbout the results that was immediately obvious was that Iifeti'n,]es were
considerably lower than those obtained from the single-hole specimens. In tact. all 20 fail-
ures,gn\thc panel had been obtained within 80 of the lifetime of the weakest of the
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“panet fatigue results, in summary:

-
ek SO

single-hole spcumcn\ Putting this another way, the avemgc lite of the panel failures was
approximatley halt of the average life of the single-hole failures, This would seem a definite
substantiation tor the argument that the numerical size of the exposed sample (or fleet) be a
major consideration in structural fatigue reliability analyses.

Panel 2 wits, as mentioned in section 11, sunded lightly on both faces to eliminate the
surtace hurrs caused by the drilling operation. Consequently, this panel was different from
cither panel i or the single-hole specimens in that thege was no observable surface variation
between the drill entry and exit taces, so all failures were considered as entry-side fmlureg
Fatigue results are listed on table 6 and the failure locations are shown in figure 21. Refer-
ring to the table and the figure, it can be seen that there were 11 pairs of adjacent failures
out of the 30 recorded failures, One pair was horizontally adjacent, four pairs were adjacent
in the vertical plane, and the remainder were paired diagonally, Of the 30 cracks, 21 initi-
ated on one face of the panel and 17 were on that side of the hole.nearer the edge of the
panel. The apparent bias of the fuilures towiard a single face was unexplained since both
faces had been tinished similarly during the sanding process. Nevertheless, it was notable -
that all the failures on panel 2 had occurred at a cyclic life Jower than the lowest recorded
entry-side tuilure of the single-hole xpeumens Thls supports the trend noted in the first

ot AW i A e P b i g D '.:_‘.nl: s
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o  Single-hole specimens:
Lowest exit-side failure (14 data pomts) =37.000 cycles
e Puncli:
Lowest recorded exit-side failure (15 data points) = 19,504 cycles \
e Pancl It : ' '
Highest recorded exit-side failure (15 data pomts) = 18,788 cycles
e  Single-hole specimens:
Lowest entry-side tailure-( 6 data pomts) = 41,000 cycles
o Panel |
Lowest recorded entry-side tailure (5 dd(d pomts) = 24.060 cycles
e Puunul I:
Highest recorded entry-side failure (5 data points) = 27.750 cycles

e Panel l '
Lowest l‘umdul entry-side tailure (30 data points) = 28.615 cycles
° Panel 2:

lhghc\( recorded entry-side tailure (30 dam points) = 40,423 cycles

This experiment, because of its highly laboratorized nature, where a single heat of L
material was used for the tabrication of similar specimens, which were then carefully
monitored while being subjected to identical loading histories, resulted in a level of scatter
predictably lpwer than that typifying normal aluminum aircraft structure. Hence, the reli-
ability procedure detfined in retference 1 is applied to this study, but it uses the point esti-
mates of the parameters given by experimental data obtained in this study. Therefore, based
on these parameters, a reliability analysis was conducted using the single-hole specimen
results to predict the median time to first failure of 300 identical and equivalent details.
This prediction could then be compared to the tested performance of the multihole panels:
Table 8 15 a sumanary of the resutts of this computation, and it can be seen that the use of
the Weiball model amd a specitication of median reliability of the weakest was sufficient to




g
A
i
R
i
}
}
i
i

predict the first failure in panel 1 and almost adequate for panel 2. Furthermore, the
Weibull predictions were consistently closer than those given by the log-normal model. [t
should be added that the choice of the reliability level was an arbltrary selection for use in
the examples just presented.

In an effort to demonstrate the type of results that would have Feen obtained from
direct application of the values given in reference 1, it was assymed that cnly one single-hole
specimen had been tested. This would define the scale parameter and it would be necessary
to assume that scatter would be that which was typical of aluminum alloys. The average
value of the 20 specimens was used as the single test result, and predictions of median time
to first failure in a group of 300 details were made. The predicted lives given in table & show
that both the Weibull and log-normal distribution models gave rather conservative answers.

Consider now the results from the first multihole panel. As shown on table 5 and figure
20, there were 15 failures on the exit face of the panel, three of which initiated at holes
adjacent to previously reworked holes. These were at row 20, column.!;row 7, column 12;
and row 19, column 4. Because of the possibility that the failures at these holes had been
influenced by the adjacent prior failures, they were discounted from the ensuing analysis.
The variation in strains across the panel noted curing the static strain gage survey was
assumed to have negligible effect on the fatigue performarice of the individual holes. As in
the case of the single-hole specimens, these 12 failure résults were considered as part of.a
censored sample, and unbiased maximum-likelihoood estimates of the shape and scale
parameters were calculated and are shown on table 9.

Panel 2 had 30 recorded failures; from table 6 and figure 2! it can be seen that 10 were
at adjacent holes. Following the arguments just forwarded in the previous paragraph, these
10 cracks were discounted and the remaining 20 data points were considered in the censored
sample used in obtaining the unbiased shape and scale parameters.” These are given in table
9. S

It is immediately apparent from these comparative studies that the assumption of the
Weibuil distribution results in an estimate of the shape parameter that was the same whether
the data be of the extrema type, as obtained from the multihole panels, or of central
tendency type exemplified by the single-hole specimens. Furthermore, from the published
work in reference 5, it was expzcted that the average life of the panel holes, tested at a cycle
frequency of 34 Hz would be lower than that of the single-hole specimens, which were
cycledat 30 Hz. This expected behavior was indeed the case as predicted by the
Weibull estimates of characteristic lives.

However, the assumption of log-normality for fatigue data results in quite different
answers. Here it was noted that the estimate of the shape parameter was very sensitive to the
type of data, the shape parameter obtained from extrema data of the panels being about
twice the value given by the single-hole specimens. Furthermore, the mean lives predicted
for both panels were noted to be higher than their single-hole equivalents instead of the
opposite trend, which was expected.

lH(:v‘wevcr, omission of these adjacent crack locations on both panels does increase the mean
or characteristic life and the bounded values to some degree.
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Basod on the results of this specific investigation, it would appear that the Weibull
model is better suited to handling extrema data, because consisterit estimates of shape and
scale parameters wore obtained for both these and the central-tendency-type data.
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SECTION VI

CONCLUSIONS AND RECOMMENDATIONS

CONCLUSIONS

This brief investigation has induced the following conclusions:

a) The feasibility of using a large but simple specimen to obtain extrema dat: has
been demonstrated.

b) The ability to monitor the specimen sufficiently closely, to prevent initiated
cracks from attaining a size such as to cause interference with adjacent details,
was shown to be quite practical.

¢) Although the majority of the initiated cracks were at random locations, it is
uncertain whether complete independence of all the initial cracked holes was
obtained.

d) A difference in fatigue performance at the drill-entry and drill-exit sides of the
specimens was observed, with the majority of the initiated cracks occurring on the
drill-exit side.

¢) Some discrepancy was noted between the finite elemenc predlctnons of stress dis-
tribution over the panel and the observed strain gage measurements. ’

f) = The applicability of the reliability analysis procedure for predicting life to ﬁrst
failure in the panel, based on information from the single-hole specimeris, has
been substantiated. %

g) The Weibull model appears to better match the extrema fatigue data in this study.

RE(,OMMENDATIONS A

Based on the above conclusions, the following recommendations can be made:

a)  Further analyses should be conducted to ascertain the cause of the discrepancy in

_ the measured and predicted stress distributions across the panel.

" Further analyses of the fatigue results obtained from the large panels should be
attempted. Corrections for differences in stress levels should be undertaken to
normalize the data.

¢) Several panels should be tested to determine characteristic or median life at first

failure.
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Figure 1. Multihole Panel Mounted in the EMR 150,000-Lb Programmed Fatigue
Testing Machine
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Figure 2. Panel 1—Location of Strain Gages and Photoelastic Coatings
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Figure 3. Panel 2—Location of Strain Gages
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i 1 i

10 15 20
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Figure 19. Strain Gage Data of Gages Next to Cold-Worked Holes
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Figure 20. Location of Fatigue Cracks on Panel 1
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Table 1. Results of a Finite Element Stress Analysis for a Strip of Aluminum Containing a
Single Raow of Holes Parallel to the [oad Direction

1 2
i i
N- Diameter D
[t () el [) '

w P L K1

Case . - Ky Ky =

D D D 1 Kyg
1 10 6 5 3.15 3.08 1.023
2 10 5 5 3.13 3.03 1.033
3 10 4 5 3.09 2.96 1.044
4 10 6 9 31 3.08 1.010
5 10 5 9 3.09 3.03 1.020
6 10 4 9 3.05 2.95 1.034

Table 2. Results of a Photoelastic Stress Survey With a Single-Row, Three-Hole Model Loaded
Parallel to the Row of Holes

P =it P
o 5 w p o W p D, K11 -
AS€ ~ pg : - ~ . e

2 D, D, . 1 D, D, 0, Kz
1 0.25 10.0 6.0 0.25 10.0 6.0 1.0 1.01 )
2 0.30 8.33 5.0 030 833 | 50 1.0 1.04
3 0.35 7.14 429 N 8.93 536 | 0.8 1.10
4 0.35 7.14 4.29 35 7.14 429 | 10 1.12
5 : 035 7.14 4.29 oM2 5.95 367 | 1.2 1.12
6 0.60 417 2.5 8 5.21 313 | o8 1.06
7 0.60 a1.7 25 0.60 417 25 1.0 1.10
8 0.60 417 | 25 0.72 3.47 208 | 1.2 1.20
riad \
“
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.f 9
Point Thigkness Calibratio:y ' F.‘C € - € 0y - 0, / N .
v {in.) (Hin./in./div) (div) {¢in.fin.) {ksi) , 4
1 0.0678 20.65 ]49 3,077 245 {
2 0.0682 2053 157 3.223 25.7 i
3 0.0681 20.56 155 3,187 254 :
4 0.0695 20.14 162 3,262 26.0 . .
' / . /.
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Table 4. Single-Hole Specimen Fatigue Test Resulrls

, Life to crack Crack location Life to
Hole location )
Test Crack Drill entry Hole tailure
‘ _Row ] Column ] length (in.} Cycles Jor exitside | side {cycies)
1 3 2 0.02 [50,000§ Exit Left 71,000
2 13 8 0.02 [43,000] Exit Loft 67.000
3 13 10 . 002 |56000] Entry Left * 74,000
4 8 3 | vQ2 |[50000] -Entry Right 73,000
5 8 7 0.02* |59,000| Entry Right 73,000
6 8 9 0.02 45000} Exit Righn ], . 61,000
7 8 1 002 |54,000] Exit Right 76,000
8 18 13 002 |42,000] Exit Left 64,000
9 3 6 002 [39.000] Exit Left 58,000
19 3 8 002 [46,000] Exit Left 61,000
1 18 5 0.02 48000 | Exit Left - 67,000
12 | 13 14 002 148,000 | Exit Right 59,000
13 13 6 002 |51,000] Exit Left 68,000
14 3 10 002 40,000 | Exit Right 54,000
15 3 4 0.02 61,000.] Entry Right 72,000
16 13 12 002 [41,000 Entry Right 61,000
17 18 11 002 ]54,000| Entry Left 67,000
18 18 7 002 {37,000 | Exit Right 57,0600
19 | 18 9 002 37,000 Exit Left 58,000
20 3 12 002 55,000 | Exit Left 68,000
Y
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Table 5. Panel 1 Fatigue Test Results

Mol ocation Life to crack Crack location
"o t

Farlure i focatic Crack Drill entry Hole Remarks

How Column length (in)]Cycles Jor exit side } sida

? 15 0.02 18,768 Entry Right Hole with fabrication gouge
15 4 0.02 19,504 Exit Left
3 14 0.06 20,500 Entry Right Hole with fabrication gouge
10 " 0.02 20,576 Exit Left
14 1 0.02 20,604 Exit Left
4 : ? 0.02 22,648 Exit Left
" 19 0.02 25,624 Exit Right
8 0.02 24,060 Entry Right
14 0.02 24,390 Exit Right
1 c.02 24,690 Exit Right
0.02 26,060 Exit Left
0.02 26,400 Entry Left Adjacent to hole 14-1
0.02 26,760 Exit Right
0.04 26,780 Exit Left
0.03 26,901 Entry Left Adjacent to hole 4-2
0.02 26,901 Entry Right Adjacent to hole 8-14
0.06 26,901 Reworked hole at 74,060~
0.02 27,205 Exit Right Adjacent to hole 19-2
0.05 27,385 Exit Left
0.02 27,750 Entry Left
0.02 27,815 Exit Right Adijacent to hole 7-11
0.02 28,636 Exit Left Adjacent to hole 19-5
0.02 28,788 Exit Right
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Table 6. Panel 2 I-Latigue Test Results

’ -
i
Hole location Life to crack Crack jocation
Failure Crack [ Drilt entry | Hole Remarks
Row Column length (in )} Cycles |or exit side | side
1 8 3 0.02 28,615 Entry Right
2 15 6 0.02 29,498 Entry Right
3 12 6 0.03 34,850 Entry Right
4 4 1 0.02 35,688 Exit Left
5 10 1 0.02 36,160 Exit Left
6 9 1 0.02 36,228 - Entry Right Adjacent to hole 10-1
7 10 3 0.02 36,320 Entry Right
8 1 13 0.02 36,480 Entry Left
9 9 6 0.02 36,555 Exit Right
10 1 1 0.02 36,572 Entry Left Adjacent 5o hole 10-1
" 15 12 0.02 36,597 Entry Right
12 10 14 0.02 37,035 Entry Left
13 14 8 0.02 37,246 Entry Right
14 14 5 - 0.02 37,930 Exit Left Adjacent to hole 15-6
15 3 1 0.02 37,972 Entry Left Adjacent to hole 4-1
16 6 2 0.02 38,394 Exit Right '
17 7 14 0.02 38,900 Entry Right
18 3 11 0.02 39,295 Entry Left
19 13 7 0.02 39,368 Entry Left Adjacent to hole 12-6
20 6 12 0.02 39,410 Entry Right
21 9 14 ., 0.02 39,480 Entry Right Adjacent to hole 10-14
22 5 11 0.02 39,518 Exit Left Adjacent to hole 6-12
23 17 3 0.02 39,610 Exit Left
24 15 15 0.02. |39,626 | Entry Right
25 6 16 0.02 39,658 Entry Right Adjacent to hole 7-14
26 13 4 0.02 39,996 Entry Right Adjacent to hole 14-5
27 17 1 0.02 40,152 Exit " Left
28 1 9 0.02 40,212 Exit Left
29| 13 1 002 40,333 | Enty Right
30 8 2 002 l40423| Enuy Left Adjacent to hole 83
. e
\,
~
A%
\\\
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Table 7. Statistical Pararneters of Single-Hole Specimen Data

Lite to Weibull Log-Normai
. 0.02:in.
Failure .
Hole location | 1
order ong Sca e Shape Scale Shape Remarks
crack parameter parameter '
Row | Column|icycles) | (cycles) | P2®™'® | (cycles) |POFOMOter
Drill-exit side
1 8 1 137,000
2 18 9 {37,000
3 3 6 39,000
4 3 10 40,000
5 18 13 142,000
6 13 8 |43.000 Cm“:fed
! 8 9 |45.000 | 53,250 5.55 49000 | oosy | WM
8 13 14 146,000
9 3 8 146,000 (20 tested)
10 18 5 148,000
n 3 2 150,000
12 13 6 151,000
13 8 n 54,000
14 3 12 155,000 {
7 Drill-entry side
1 13 12 ]a1,000 -
2 8 3 . 150,000 Censored
3 18 1 |54,000 | 56,900 10.85 54,000 0.051 sample,
4 13 10 ! 56,000 - 6 failures
5 8 7 59,000 {20 tested)
6 3 4 161,000
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Table 9. Comperison of Distribution Parameters Obtained From the Single-Hole and
Multihole Test Specimens

Single-hole Multihole specimens
specimens Panel 1 Panel 2

Description

. Total specimens 20 297 299
Failures in censored Drifl-entry side 6 20
sample used for estimate Drill-exit side 14
Drill entry
side
Drill exit
side
Drill-entry
Scale parameter side
{cycles) Drill-exit
side
0.95 lower bound | Drill entry
on scale parameter | side
{cycle9 Drill-exit
side
Drill- entry

Shape parameter

Weibull distribution
{eqs. IV 15 and IV-16)

Shape parameter | side
Drill-exit
side
Log-normal Drill-entry
distribution Scale parameter side

(eq. IV-21) (cycles) Drill-exit
side

0.95 lower bound | Drill-entry
on scale parameter { side
(cycled Drill exit
side

{eq. IV-15 from ref. 1)

{eq. IV-16 from ref. 1)

{(eq. IV-21 from ref. 1)




APPENDIX

STATIC STRAIN SURVEY DATA '

This appendix comprises tables of data relating to the two multihole panels. Tables are
presented establishing the location coordinates of the axial and rosette strain gages on panel
| and the strain gages on panel 2. The strain readouts from all the static loadings for both
panels are tabulated, and the reduced rosette data are also included.
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Strain Gage Locations on Panel 1

Locstion Type
‘Gage X Y " Drill Drill
{in.) {in.) entry side | exit side | Uniaxial | Rosette

1 -21 35 °® *

2 0 35 ® e

3 +21 35 ) ®

4 -21 35 ) ®

5 0 35 [ e

8 121 35 [ ] ®

7 0 75.2 ® ®

8 0 72 ® ®

9 -21 109 ® ®

10 0 109 ® ° ]
(1 +21 109 ° °

12 ~-20.8 416 [ ®
\13 - 1.6 416 ® *

14 +208 416 ® ®

15 0 43.2 ® )

16 -144 56 [ ] ®

17 -20.8 72~ ® ®

18 +20.8 72 ® N

19 +14.4 88 o ®

20 0 120 ® ®
21 +21 120 [ »
22 + 16 102.4 ® °
23 +20.8 102.4 ® 7
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Strain Gage Data, Panel 1, First Cycle Before Fatigue Test
INCREASING LOAD

Load (ib) Strain (ue)
Gage 0 | 24,000 48,000 72,000 96,000 120,000 144,000
1 415 807 1,202 1,504 1,983 2,381\
[, 2 4 800 1,183 1,697 1,044 2,330
3 415 800 1,192 1,568 1,073 2,368
4 382 774 1,166 1,558 1,947 2,343
5 314 690 1,069 1,448 1,824 2,208
G 350 735 1,131 1,520 1,912 2,307
7 ] 295 674 1,056 1,432 1,811 2,163
8 424 784 1,153 1,523 1,889 2,265
9 431 820 1,212 1,607 1,999 2,394
10 421 797 1,176 1,565 1,931 2,313
N T [ 42 791 1,186 1,578 1,073 2,368
12 | ] 437 826 1.218 1,607 1,996 2,388
13 an 794 1,179 1,568 1,941 2,330
14 408 794 1,183 1,571 1,957 2,349
15 405 784 1,163 1,542 1,921 2,304
16 376 765 1,153 1,542 1,931 2,326
17 353 745 1,134 1,529 1,918 2,313
18 356 752 1,147 1,536 1,925 2,317
19 444 833 1,225 1,610 1,999 2,304
DECREASING LOAD
Load (Ib) Strain (ue€)
Gage 120,000 96,000 72,000 A8,000 24,000 )
1 1,986 1,597 1,209 813 428
2 1,947 1,568 1,186 807 424
3 1,976 1,588 1,199 810 421
4 1,850 1,558 1.170 778 389
5 1,827 1,452 1,072 693 318
6 1,915 1,526 1,134 745 356
7 1814 1,435 1,058 677 298
8 1,895 1,526 1,160 794 434
9 1,999 1,607 1,215 823 434
10 1,938 1,558 1,183 804 424
1 1,073 1,681 1,189 794 408 ]
12 | 1999 1,610 1,221 833 444
13 1,944 1,562 1,179 794 418
14 1,960 1,575 1,186 800 418
15 1,325 1,542 1,166 784 408
16 1.934 1,645 1,153 768 382
17 1,921 1,633 1,140 748 356
18 1,928 1,539 1.147 768 363
19 2,002 1,617 1,225 836 447
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Strain Gage Data, Panel 1, Second Cycie Before Fatigue Test

. INCREASING LOAD

Load (Ib) Strain (ue€)
Gage "0 | 24000 48000 [ 72000 | ee000 | 120000 | 144000 | |
1 1 3| 701 1,176 1668 | 1.963 2,362 (.
2 _ 42 ] 38 | 160 1538 | 1,926 2,310 ;
3 386 771 1067|1548 1,84 2,339 ‘
[ [ 366 |, 758 | 1144 | 1643 1,928 2,323 }
5 208 674 1,060 1433 1,811 2,193
8 324 713 1,102 1,494 1,889 2,281 !
7 282 651 7037 | 1419 1,795 2177
] 402 766 1,128 1497 | 1,869 2,239
9 ) a1 o Boa 17902 | 1,588 1,086 2.375
10 405 778 1,187 1,636 1,921 2,297
1 I 39 |yes | _i3s7 | 1566 | 1,857 2,349
12 1 fo_an | 800 | 1189 1,581 1,976 2,389
IRE S " N 2 Z I G AT T 1,639 1,928 2,304
74 I R T I A T 1150 | 1.536 1.931 2.317
16 1" 1 3se | 16y | 1137 | 1520 1,905 2,281
G a0 | 7a5s | a3 1,523 1,921 2,304

17 330 723 1,18 | 1507 1,905 2,291°

i8 1 327 | 79 1,115 1,507 | 1.902 2,287

19 | [ e [ 83 | 199 1,604 1,089 2372
v
DECREASING LOAD
. L.oad “bﬂ» ,.,., ) Strain (ue€) . L)
Gage * 120,000 96,000 72,000 48,000 24,000 0
e 1,963 1,568 1,182 794 405 |
- 2 1,921 1,539 1,163 784 405
3 o 1941 1,545 1,163 778 392
4 1,928 1,536 1,150 761 . 369
5 1,808 1,429 1,063 680 301
6 1,886 1,494 1,108 719 330
7 1,788 1,409 1,037 661 _—,| 285 P
8 1,866 1,497 1,137 71 408 )
9 1,973 1,581 1,196 807 415
10 1,915 1,536 1,163 784 5| 4N
KN N2 1562 1,166 774 386
Y2 T TTheer 1,575 1,192 807 . | 418
|13 |1e8 | 1533 | 1,157 781 399 —
4 [e2a 1536 1,153 768 386
15 T 1.895 1513 | 1,140 | 7656 392 )
e [rees [Tus1e | 113 ] 748 T | TT363
R 1895 | 1503 | 1u8_ | 729 337
18 _jeez - 1,500 lme p 729 | 369
» {19 lre | 1588 1,205 | 820 431
48
L
- T N
N
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A . oy




W F

Strain Gage Data, Panel 1, Third Cycle Before Fatigue Test

INCREASING LOAD

» LOT“{‘\ Strain (u€)
Gee N\J| O . 48,000 72,000 ' 96,000 120,000 144,000
K 794 1,183, 1675 1,970 2,366
2 | 784 /[« 1,186 1,545 1,928 2,313
‘3 i 778/ | 1,166 1,658 1,947 2,46 . !
4 781 | 1,150 | 1,642 1,931, 2,330
5 680 1056 | 1435 181 w: 2197 |
8 __ns ][ 1,108 | _1.500 1892 2284 ¢ '.
I Peea 1T 03T Tia22 T Tigol | 2084
8 7 1,134 1,503 1869 ' 2242
9 | 810 " 1202 ! 1684 T 1989 | 2.3
w0 | 784 11,060 | 1542 | 1918 | 2304 |
1w ) 78 a0 | 7565 1960 | 2,35 |
12 i 807 1,196 ' 1588 _ 1976 . 2,388
13 781 1,63 ' 1545 . 1928 2313 ]
14 N 1,167 | 1,645 | 1934 2,326
15 768 1144 | 152 1,905 2,287 \
16 752 1,140 1529 | 1918 | 2313
17 732 " 1028 1,523 1,005 | 2,297
18 732 1,124 1,513 1,905 2,297
19 a3 820 1,215 1,601 1954 | 2381 1
“ ]
|
DECREASING LOAD
Load Strain {u€) ;
Gage~{®!] 120,000 [ 96,000 | 72,000 48,000 \ | 24,000 0
1 1,970 1575 1179 787 399
2 1,928 1,542 1,167 781 - 399
3 1,047 1,562, 1,157 774 389 ‘
4 1,931 1,662 1,144 755 366 )
5 1,814 1429 1,050 671 298
- 6 ] 1889 | 1497 1105 N6 | 377 ‘
7 1,798 1,413 .034 654 279
8 1,869 1,497 1,131 765 405
9 1,983 1,581 1,189 800 | ao8
10 1,918 1,536 1,160 784 408
n 1,950 1,552 1,157 768 379~ .
12 1070 | 1575 1,183 797 .1 a08 - - o
13, 1021 | 1,633 1,150 771 380
. 14 1,023 1,533 1,147 765 379
15 1,899 1513 1.134 758 382 ,
16 1,912 1,513 1,128 742 353 i
17 1,028 1,500 111 768 . 324
18 1,892 1,500 1,111 719 324 ! :
19 1,080 | 1,591 1,202 813 | a21 S
% . l'\/
| /
a9 /
) < ‘
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Strain Gage Data, Panel 1, After Fatigue Test

INCREASING LOAD
[ Steain (pe) o
Load (b)Y I T 1 -
Gage 0 24,000 48,000 | 72,000 | 96,000 | 120,000 | 144,000 \
1 -36 are 768 1,150 1,639 1,934 2,328
2 -58 356 742 1,128 1,618 1,890 2,284
3 42 | 350 7138 1,121 1510 | 1,902 2,204
4 -9 130 [ 732 ] a2 | o asw | 1902 | 2207
5 -18 272 | e42 | ro0m 1396 1,279 2,158
6 32 292 877 1,069 1,458 1,850 2,245 )
7 -26 | 253 629 1,008 | 1,383 1,766 2,145
8 -32 389 761 1,140 1,520 1,899 2,284
¢ 9 -19 | 316 765 | 1,153 1,545 1,941 2,333
. 10 -6 | 402 774 1,150 1,529 1,912 2,291 |
11 =36 343 732 1,124 1523 1,912 2,310
12 . A5 373 765 1,153 1,542 1,934 2,326 \
13 +266 619 975 1,338 1,714 2,087 2,462
)4 432 M3 729 | 1,118 1,503 1,892 2,284
15 -298 45 399 755 1,118 1,474 1,834
16 -32 324 713 1,008 1,494 1,896 2,281
17 -16| 301 703 1,005 1,490 11,886 2,281
18 45 292 684 1,076 1,468 860 | 2,252 ,
19 -19 402 794 1,183 1575 | 1,967 2524 “
|
. DECREASING LOAD
Strain (€ l
T% (ib)} o » , h !
Gage . 120,000 96,000 72,000 48,000 24,000 0.
1 1,940 1,542 1,153 765 376 -29
2 1,900 1,513 1,128 742 356 -§5
3 1,910 1516 1,128 742 356 -36
4 1,910 1516 1,128 739 350 - -19
5 1,780 | 1,400 1,027 648 275 -16
6, 1,860 1,468 1,076 687 301 "-29 :
7 1,770 1,390 1,011 632 | 259 -26 -
8 1,900 1,523 1,144 765 389 -26 -
9 1940 ' 1549 | 1,160 768 382 . -13
10 1910 1,536 1,157 784 | 408 -Q
1 1,920 1,623 1,131 739 353 -32
12 1,940 1,545 1060 [ 771 | 382 -36
) 13 2,080 1,717 1,345 982 625 +259
14 1,900 1510 | 1128 745 356 ~29
15 1480 | 1121 . 761 . 408 52 -295
16 - 1,880 | 1494 1,108 719 327 -32
17 - 1,890 1,494 1102 [ 706 311 -13
i 18 1,860 1,474 1,085 697 301 -39
I 1970 | 1581 1,189 . 800 408 -13
o . 50 - ’_) '
1A ‘ \
1
P §
' /E
; %
P

j

| .

i ’ «@
|

!




RELIABILITY ANALYSIS FATVIGUE TEST
65 DEUREE RUSETTE SINGLE LAGE INSTALLATIUN
PANEL NUYl STATIC FEST 4%=4-1670 THKUUGH }-13—1970

45 OEGREE RUSETTL (SINGLE INSTALLATIUN)
‘ .
RUSETTE NUMBLR & 20
CET= 1C.5 £C=  10.7  PUISSCNS RATIO = .330

LEG STRAINS (100 MICKUINCHES/ INCHF

LuAD LLG *As LEG *be LEG #C*
0K 0.0 UeO 0.0
24K 3.8 1.5 ~eb
‘08'( - 7.‘0 2.8 -lob
72K 11.0 “hal 2.6
P 96K l14.6 5«2 -3.06
lZOK lSOZ hab -4-7
l44K . 21.9 7.8 P ""5.8
. IZOK N 18.3 beb ! -H 8 .
9K Y l4.7 543 ~3,.8
12K 1lal 4l S
L dK » 705 2.8 ""07
2"’( 309 l.S ~eb o
oK 0.0 0.0 a0 .
; . TRUE STRESSES (KSI) SHEAR S.&ESS (KSI) -
4 LOAD LEG ¢A% LEG *Cx LEG *\% QR *C#
oK 0.0 " 0.0 G.0
24K ‘ 4.3 .8 ‘ -l
48K 4.1 1.0 -l
TTTK T e 12.0 1.2 -.l
. 96K ' 15.5 o4 -.3
A 129K 14.7 1.5 -.2
144K 23.5 \ 1.7 -2
120K, 19.7 : 1.5 -a2
‘ ( 96K ' 15.9 1.3 -el
4 72K y . 12.0 1.2 -.l '
: 48K g 8.2 : .9 -.1 -
24K /// 4.4 % .8 -.l.
oK ) | 2.0 0.0 0.0
- '
|
R 51 .
'.:”’) » L"‘
; ) b ’
/7 <
v \ ‘ -
4
| s \
L ’ [




ROSETVE NUMBER ¢ 20

]

PRINCIPAL STRESSES (KSI)

™
LOAD FRAX

oK 0.0
2“& ' 1003
48K 8.1
12K 12.0
96K 15.4
120K 19.7
L4 4K 23.5
120K 19.7
96K 15.9
12K | 12.0
y 48K 8.2
‘ 24K ot

/

!

FNIN

: 0.0

52

- THAX

-
O WV NOOO~N VWO
OCTOC LW OrHNIVM~NO

ANGLE (DEGREES)
PHI

0.0
."4607
"45.6
-*5.6 ﬁ
-46. l
"“5.5
"5.5
"45.5

T -4545
k5.6
-4£5.6
-4605
360.90

e e et



RELIABILITY ANALYSIS HATIGUE TEST

45 DEGREE RUSEMTE SINGLE GAGE INSTALLATIUN

PANEL NUL STATICON

\

LUAD

oK
24K
48K
712K
96K
120K
l44K
120K
96K
12K
48K
24K
0K

LOAD

24K
48K
72K
96K
120K
144K

. 120K
- 96K

72K
48K
24K
oK

TEST 5~4=1970

THROUGH 5-13-1970

45 ODEGREE ROSETTE (SINGLE UNSTALLATION)

RUSETTE NUMBER * 2]

ET=

S

3

10.5

10.7

POISSONS RATIO = ,330

LEG STRAINS (100 MICROINCHES/ INCH)

LEG ®ax LEG *8%
0.0 0.0
"5a2 1.5
9.3 2.8
13.5 4.2
17.7 5.6
21.9 6.9
2600 8.4
21.8 6.9
17.6 5.5
13.4 4.1
9.2 2.8
5¢2 - 0D
0.0 0.0

TRUE STRESSES (KSI)

LEG *A= LEG *C*
0.0 0.0
10.0 b
14.5 9
18.9 1.0
23.3 lel
27.17 1.3
23.2 1.1
18.8 140
5.6 5
0.0 0.0

53

LEG *Ce

0.0
-1.2
"2.5
-3,7
-5.0
-6.2
"05
~6e2
-5.0
-3.7
-2.5
~1.2

0.0

SHEAR STRESS (KSI)
LEG ®A* OR *(C»*

0.0
-3
-l
—-e5
-ab
‘,--7
e T
-7

~ol

. =b
-5
-101
0.0




nySevla NUMBER ¢ 21

[

PRINCIPAL STRESSES (KSI) ANGLE (DEGREES)

o LUAD . FMAX FMIN, THAX PHI
oK ' 0.0 0.0 0.0 0.0
2"K o ' '.5.6 5 ‘ 2.5 -’08-7
48K - 10.0 . b 4.7 ' -4l.6
72K “ 110.5 ' 09 608 "67.2
96K 18.9 1.0 - 9.0 , ~46.9
120K 23.3 1.1 kel =+ =-46.8
le4K - 2Te8 . l.3 13.2 ~£6,06
120K 23.2 - a1 il.1 -66.8
96K 18.8 1.0 . 8.9 "’“1.1 -
72K l“.j ) 98 6.8 ""70‘ )
.-; 48K . 10.0: b 60! -68.0
ZQK 508 ‘03 208 : "5609
0K ) ‘ 0.0 0.0 0.0 360.0
t
"
)+ N~

54




RELIABILITY ANALYSIS FATIGUE TESY
&9 DEGREE ROSEVTE SINGLE GAGE INSTALLAYION

PANEL NOL STATIC TEST 5-4-1970 THROUGH 5-13-1970

. ROSETVE NUMBER & 22

e e iy

ET= 10.5 EC= 10.7

LOAD LEG ®A® LEG ¢B*

0K - 0.0 0.0

24X : . 3.5 le3

48K . Te3 ’ 2.7

12K il.1 4.1

96K ‘ 14.9 5.4

120K | 18.7 6.8

146K . 22.8 . 8.1

96K . ‘ 14.9 Se4

12K 1lk.1 4.1

48K 9.2 ' 27

Y 26K vt 3.6 : l.4
o oK - 0.0 0.0

: TRUE STRESSES (KSI)

J LOAD . LEG #*A® LEG #Ce

oK 0.0 0.0

’ 24K 3.9 o7
f ‘BK ’ 1.9 . .'8
; 12K . 11.9 s 9
96K 15.9 1.0

144K 2% % — L3

120K 20.0 1.0

96K L6.0 _ 1.0

72K , " 120 . 9

48K 10.2 ) 1;6

24K 4.0 EE

oK 0.0 0.0

-
o

.45 DEGREE ROSEVVE,(SINGLE VNSVALLATION)

POISSONS RATIO = .330

LEG STRAINS (100 MICRGINCHES/INCH)

LEG #(C»

0.0
. -6
-1.7
=249

SHEAR STRESS (KSI)
LEG *A® QR sC®

0.0
-.ul

) -2l
-0
-0
«0
_‘.l
.0
-+0
-0
~e8
-ol

0.0




LOAD

26K
48K
72K
‘96K
120K
144K
120K
96K
72K
48K
24K

ROSETTE NUMBER & 22

Q9

PRINCIPAL STRESSES (KSI)

FMAX

0.0

3.9
7.9
11.9
15.9
20.0
244
20.0
1600
12.0
10.3
4.0

0.0 .

4.

FMIN,

* 060

o

-8
«9

. 1a0 -

1.0
1.3

56

TMAX

0.0
leb
. 3eb
5.5
15
9.5
"iIleb -
9.5
Te5
"5e5
4.4
le6
0.0

ANGLE (DEGREES)

- PHI
0.0
-46.8

' —QS.S
‘§SQl

-465.0

-546.9
“5.1
~4 4.9
~45.0
“502
‘509‘
-46.8
360.0




L SR R R o TR

RELIABILITY ANALYSIS FATIGUE TEST
45 DEGREE RUSETTE SINGLE GAGE INSTALLATION

PANEL NOL STATIC TEST 5~4-1970 THROUGH 5-13-1970
45 DEGREE ROSETTE (SINGLE IN
ROSETTE NUMBER * 23

ET= 10.5 EC= 10.7

T

O

STALLATION)

POISSONS RATIO = .330

LEG STRAINS (100 MICROINCHES/ INCH)

- ). toap LEG *As LEG #Be
0K 0.0 | 0.0
246K - 3.7 143
“6K , 7.6 2.6
72K 11.5 4.0

96K ) 15.4 5.3

, 120K ' 19.3 6.6
164K 23.2 7.9
120K 19.3 6.6
96“ ' . lS.‘o 5.3
72K 11.5 4.0
48K - Teb 2.7
24K ‘ 3.7 1.6

. 0K A 0.0 0.0
) ‘
_ TRUE STRESSES (KSI)

. - LOAD LEG *A% LEG *Ce
oK 0.0 ’ 060
26K i . 3.9 el
48K 8.0 o2
72K 12.1 o3
96K 16,3 ' ek
1206 . - 20.4 , b
144K ’ 24.6 o5
120K - 20.4 b
96K 16.3 b
72K 12.2 o3
48K « 8.0 o2
24K ' 4.0  e2
0K 0.0 " 0e0

~ | 57

LEG *C»

SHEAR STRESS (KSI)
LEG *A® (R =(Ce

0.0
«0
-0
<0

-0

-el

-l

-.0

-0
«0
0
Y |

0.0

R |



R - 2R

%

LOAD

24K
48K
72K
9bK
120K
Le4K
120K
6K
72K
48K
24K

ROSETTE NUMBER * K? |

PRINCIPAL STRESSES (KSI) |

FMAX
0.0
3.9
8.0

12.1
16,3
20.4

2‘.6 o

20.%
16.3
12.2
8.0
4.0
0.0

FMIN

58

- TMAX

'0.0
1.9

3.9

5.9
8.0
10.0
12.0

10.0

T.9
5.9
3.9
le9

0.0

ANGLE (DEGREES)

PHI

0.0 .

-44.6
-64.9
~44.9
-45.1
-4£5.1
"‘5 el
-45.0
-‘500
-44.9
—loly o9
4442
360.0

b A s




LOAD

oK
24K
48K
12K
96K
120K
164K
120K
96K
72K
48K
24K
oK

LOAD

oK

24K
48K
T2K

- 96K

120K .
144K
120K
96K
72K
48K
24K
oK

RELIABILITY ANALYSIS FATIGUE TESY
45 DEGREE ROSETVTE SINGLE GAGE INSTALLATION
PANEL NO1 STATIC TEST 5-4~1970 THROUGH 5~13-1970

RUSETTE NUMBER * 24

10.5

LEG STRAINS

LEG *A®

45 DEGREE ROSETTE (SINGLE lNSTALLﬂTION)

-

10.7 POISSONS RATIO = 330

LEG %8+

¢ & B & » @

L]

o—-NsuvmoQuO\ﬁu»N-e
[ 3
OWUVDOWOWmRDOIWNWO

TRUE. STRESSES {KSI)

LEG #*A*

0.0
3.8
1.7
11.6
15.4
19.3
23.2
19.3
15.4
11.6
7.8
3.9
00

LEG *Cs

(100 MICROINCHES/ INCH)

LEG *C#*

0.0
~1.0
°1_01 .
-2.
-3.8
-%.9
‘509‘
~44.9
-3.9

’ -2.9
. -1.9
~o8

0.0

SHEAR STRESS

(KSI)

LEG *A® OR *C®

0.0

0
"‘ol
-el
-.l
-02
-l
-.2
el
-.1
".l
-al
0.0




ROSETTE NUMBER & 24

PRINCIPAL‘STRESSES (kSI)

FMAX

0.0
3.8
1.7

11.6 .

15.4
19.3
23.2
19.3
15.%
11.6
7.8
4.0
0.0

FMIN

000'

2
o7
9
1.0
le2
le5
1.2
1.0
8
eb
. 5
0.0

\

TMAX

0.0
1.8

, e

Om W VN0 OO~NNW
®

OO NFE=E DODONWWN

o o o & [ 2

-

'ANGLE (DEGREES)
PHI

0.0
-hby oty
-46.,0
-45.7
-6£59.5
-45.5
-4596
"‘5 6
-45.7
-4647T
360.0




RELIABILITY ANALYSIS FATIGUE TEST

5 DEGREE ROSETTE SINGLE GAGE INSTALLATION ,

PANEL NOL'STATIC TEST 5-4~1970 THROUGH 5-13-1970 ‘
45 DEGREE ROSETTE (SINGLE INSTALLATION) o é

ROSETTE NUMBER * 25 o o ;

ET= 10.5 . €EC= 10.7 . POISSONS RATIO = .330
LEG STRAINS (100 MICROINCHES/ INCH) 5
LOAD LEG *A® LEG *B* LEG *(Cx Co
0K ‘ . 0.0 0.0 0.0
24K : 4.9 . 13 -1.5
48K ‘ : 9.1 . 2.6 _ ' -2.8
72K‘ ) e . 1342 . - 4.0 : o “4:@
. 96K : i 173 ' 563 b -5.2
1206 ./ , 21.6 : 6.7 - =6e5
144K ’ 25.8 - 8.1 . . =TeT
1204 ’ ) . 21.5 - . 6.6 . =65
96K ' 172 5.2 ~5.2
72K - ‘ oo ° 3.1 3.8 ' ~4.0
48K - . 9,0 2,‘ \*" » ~2.8
24K ' - o ! 4.8 I.EZ “ wp -1l.5
A S 0.0 ~ 0.0 0.0
TRUE STRESSES (K$I) , SHEAR STRESS (KSI)
- LOAD LEG %A% - .LEG *C=% N LEG *A* (R #(C& .

’ 0K S ' 000 0.0 . ' . * 00
’ 24K 5.2 .2 . ~e3
= 48K : " 9.6 3 4 - =8
72K 4 T 1.0 o -5
‘96K 18.% -] -ob
120K : 229 ' R A Y 4
144K 2T '_ 1.0 -oT

120K . T 22.8 T .1 '07 ‘
96K 18.2 . 5 N
72.K : 139 - 3 L T'b
#8K ‘ 9.5 = . 2 . .

264K ‘ 5.1 el ek

OK 000 0.0 ) 0.0 h
. /
/‘
61
° ) ' P
1




LOAD

24K
48K
12K
96K
120K
146K
120K
96K
12K
48K
24K

ROSETTE NUMBER & 25

PRINCIPAL STRESSES (KSI)
FMIN

FMAX

0.0
52
9‘6
14.0
184

0

0

62

»0
.1
3
ol
«b
N
.0
o7
5
P )
2
el
0

THMAX

0.0
2.5
4.7
6.8

8.9

11.1
11.0
8.9
6.9
4.7

2.5

0.0

ANGLE (DEGREES)
PHI

0.0
~4£8.6
"‘707
"‘70 i
~46.9
"‘6.7
~46.6
"66 ._8
-‘701
LT 4%
-~48 02
"109.2
360.0




RELIABILITY ANALYSIS FATIGUE TEST
45 DEGREE ROSEVTE SINGLE GAGE INSTALLATION
PANEL NOL STATIC TVEST 5-4-1970 THROUGH 5-13-1970
45 DEGREE ROSETTE (SINGLE INSTALLATION)

ROSETTE NUMBER ¢ 26

ET=  10.5 EC= _30.7 POISSONS RATIO = ,.330

LEG STRAINS (100 MICROINCHES/INCH)

LOAD LEG *Ax LEG *B= LEG *(C#
oK 0..0 0.0 0.0
24K 3.3 le2 - -1l
48K - 7.0 2.% ~20
72K ) . 10-8/ } 3.8 "’301
96K N 14.6 5,2 / -5.0
IZOK ) s lBoS 6.5 ‘ ’5.05

144K . ... 2204 79 ~6eb
120K . 18.5 6.5 . =55
96K ; 14.6 5.1 -4e3
72K o 10.8 3.8  -3.1
48'( T.1 r =2.0
24K 3.3 1.1 -lal
0K - 0.0 . 0.0 0.0

TRUE STRESSES (KSI) SHEAR "STRESS (KSI)
LOAD LEG *A® LEG *=C»* - LEG ®A® OR &(&
oK i 0.0 0.0 0.0
24K 3.5 «0 0
48K Te5 . ok -ol
- 712K 11.6° b ~el
96K 15.3 -2 / 3
120K 19.7 : P ' «0
144K , 23.8 _ 9 0
120K ~ 0 1946 ‘ o7 0
96K i 15.5 ) b ) ~e0
72¢ 116 5 -1
48K 7.6 b : ~el
24K | 3.5 -.0 <0
0K 0.0 0.0 0.0
63




«

ROSETTE NUMBER #= 26

PRINCEPAL SYRESSES (KSI) ANGLE (DEGREES) i

LOAD FMAX FMIN TMAX PHI g

0K 0.0 . 0.0 0.0 _ 0.0 P
’08K 7-5 o" ) 3.6 “‘507
72K 11.6 o6 5.5 -45.3
96K 15.3 —.Z 7.7 -“ol
120K ' 19.7 A 9.5 ~—4§5.0
l"l.K R 23.8 39 . ll.‘ -“.9
120K 19.6 o | 9.4 -4%4.9
96K 15.5 ob 7.5 -‘500
N L 72K ll.b 05 5.5 -45.3
48K : 7.6 b 3.6 ~4640
Z‘K . ) 3.5 ‘.0 107 "*6.8
oK 0.0 0.0 0.0 360.0




RELIABILITY ANALYSIS FATIGUE TEST
45 DEGREE ROSEVVE SINGLE GAGE INSTALLAVIOM
NO1 STATIC TEST 5-4-1970 THROUGH 5-13-1970

PANEL

45 DEGREE RUSETTE (SINGLE INSTALLATION) -

ROSETVE NUMBER * 27

ET= 10.5

I

10.7

~

) LEG STRAINS (100 MICROINCHES/ INCH)
LOAD LEG *Ax

TRUE STRESSES (KSI}

0K 0.0
24K 3.4
48K 7.2
72K i1.1
120 . 19.0
144K 22.9
120K 18.9
96K 15.0
72K li.1
4BK 7.3
24K 3.4
oK 0.0

LOAD LEG #As
0K 0.0
24K 3.5
48K 7.5
72K 11.6
96K 15.8
120K 20.0
144K 26,2
120K 19.9
96K 15.7%
72K 11.7
48K 7.6
26K 3.5
oK . e 0.0

-

65

LEG

LEG

_ POESSONS RATIO =

330

i 1 LEG *C#*
0.0 0.0
l.l -103
244 -2.6
3.7 -3.8
5.0 "‘500
6.3 ~6a2
T.7 -T.%
6.3 -6.2 -
5.0 -5.0
3.7 -3,7
2eb =25
l.1 -1.3
0.0 0.0
v SHEAR STRESS (KSI)
=C* LEG ®A%* OR *(=
0.0 0.0
Y ' -1
-’Z ,.0
-ol «0
-0 —o0
«0 -.0
ol 'y
el . ~el
-o0 ~-o0
~al <0
"02 «0
-el ol
0.0 0.0




ROSETTE NUMBER * 27

LOAD

24K

48K

72K

96K
120K T
le4k
120K°
96K

72K

48K

24K

FMAX

0.0
3.5
Te5
il.6

20.0

2402 .
. 19.9
157

1i.7
1.6
3.5

0.0

PRINCIPAL STRESSES (XSl)
FMIN

0.0
-02
-2
-ol
-«0

-0
2
ol

—.0
-el
'02
-el
0.0

-
NO~
¢ 9 & ¢ o & o o

KKK -E-R-R

TCmw BN

ANGLE (DEGREES)

PHI

0.0
-4‘00
~44.8
-44.8
"‘5.*‘
_‘5. l
-45.2'
"Sol
—45.0 3
-5‘09
’~S¢0
-“002
360.0




RELIABILITY ANALYSIS FATIGUE TEST
4% DEGREE ROSEVTE SINGLE GAGE INSTALLATION
PANEL NOL STATIC VYESTV 5~4-1570 THRQUGH 5~-13-1970

45 DEGREE ROSETTE (SINGLE INSTALLATIGN)
ROSETTE NUMBER * 28

0

ET= 10.5 EC= 10.7  POISSONS RAYIO = .330

LEG STRAINS (100 MICROINCHES/INCH)

® LOAD LEG ®A®* LEG *B# LEG #(»
oK 0.0 0.0 0.0
26K - 3.6 1.3 ~o7
7. 48K ‘ Tel 2.6 "107
CT2K 10.7 3.8 2.8
: 96K 14.4 5.1 ' =3.8
120K 18.0 6.3 { -4
146K N 2‘01 7.6 "509
éll’:l( 18.1 6.% -H.8
' 14.5 Sel ) ~3.8
12K i - 109 3.9 -2.8
48K 7:{2 246 ~1.8
2“ 3.6 103 -8
oK . 0.0 0.0 0.0
: TRUE STRESSES (KSI? SHEAR STRESS (KSI)
LGAD . LEG *A%® LEG *Cs» LEG ®A* OR »(Cs
oK ~ 0.0 "U.0 0.0
. 24K - - 3.9 5 - ~el
) 48K 7.1 o7 "".l
e 72¢ 1.6 -9 ~al
96K 15.5 N 1.1 ~a2
120K Sy 1943 . 1.3 -2
‘ZOK * L l9.5 104 Y4
96K } 15.6 1.1 ~al
72K - 11.8 1.0 Py
48K ' 7.8 o7 ~el
2“ 4.0 9 "'.l
oK 0.0 0.0 Q{O
J
67 _ ,

e ee emrm————— e



LLAD

oKX
24K
48K
72K
96K
120K
Le&eK
120K
96K
- 12K
©8K
24K
OK

e

RUSETTE NUMBER * 28

FMA X

0.0
3.9
Te7
116
15.5
19.3
23.2
19.5
15.6
l1.8
T8
4.0
0.0

PRINCAPAL STRESSES (KSI)
FMIN

1.3

P Pt e P
OWVNO ™= &0,

(=]

68

)
e & & & & 5 3

Cr WU aNOOO~SVNwWwmO

¢ & @

OO AN IOONWWNNDO

ANGLE (DEGREES)

PHI

0.0
-~6.5
_‘509
-45.7
-45.1
~45.6
'“"506
-"506
-"5.6
-45,8
~46.1
-‘609
360.0

A—




RELIABILITY ANALYSIS FATIGUE TESY
45 DEGREE ROSETVIE SINGLE GAGE INSTALLATION
PANEL NOl STATIC TEST 5-4-1970 THROUGH 5-13-1970

45 DEGKEE ROSETTE (SINGLE INSTALLATION)
RUSETTE NUMBER * 29

ET=  106.5 EC= 10.7  POISSONS RATIC = .330

LEG STRAINS (100 MICRCINCHES/ INCH)

LOAD  LEG *As LEG #Be LEG eC*
oK : ‘ 0.0 0.0 0.0
24K ) 4.9 10\3 -1.5
48K 9.1 26 ~2,7
120K 2[-6 6.8 -6el
144K - 25.8 8.2 - ~Teb6
120K 216 - 6.7 -6.3
96K 11.3 5.3 —5.1
72K : ' 13-1 3.9 "'3‘9
4uK 9,0 245 ~2.7
24K 4.8 102 —1.5
oK 0.0 0.0 0.0

TRUE STRESSES (KSI) SHEAR STRESS (KSI)

LOAD LEG *A® LEG *(* LEG *A%* (R #(C#*
OK ' 0.0 6.0 0.0
24K 5.2 2 -t
48K 9.7 3 -eH
72K 4.1 b 5
96K 18.5 Y -7
120K 23.0 8 -oT
144K 27.9 i.l -7
120K 23.0 . 9 -7
6K 18.5, o7 -7
12K 13.9 ' 5 “eb
48K 9.5 P | =B
24K 5.1 .l —eh

OK 0-0 0.0“’”"‘- - 0.0




LOAD

24K .
48K
726 -
96K
120K
164K
120K
96K
T2
H9K
24K

]

ROSETTE NUMBER ¢ 29

PRINCIPAL STRESSES (KSI)

FMAX FMIN TMAX
C.0 0.0 0.0
5.3 ’ 2 206
9.7 3 . 4e7

18.6 . 9.0
23.0"° o8 11.1
27.5 1.0 13.2
23.0 29 il.0
18.5 ol 8.9
14.0 5 6.7
9.5 o3 406
5.1 ol 2.5
¢.0 0.0 0.0

T _

»
b_
-
/'.
7

- 70 ‘

ANGLE (DEGREES)

PHI

0.0
-49.0
“*7.9
~47.2
1!
-~66.7T
“6.6
~56.8
"‘102
-%T.5
~48,.3
-%P.%
360.0




RELIABILITY ANALYSIS FATIGUE TEST
45 DEGREE ROSETTE SINGLE GAGE INSTALLATION ‘
PANEL NO1I SVATIC TEST 5-4-1970 THROUGH 5-13-1970
45 DEGREE ROSETTE (SINGLE INSTALLATION)

RUSETYE NUMBER ¢ 30

E¥= 10.5 - EC= 10.7 POISSONS RATID = .330
//
LEG STRAINS (100 MICROINCHES/ INCH)

LOAD LEG ®Ax LES #®B# LEG *C*
0K 0.0 0.0 0.0
24K ~. 3.2 l.1 "07
48K Te.l 2.5 ~l.9
TZK 10.8 3.8 -301
96K - 14.7 5.2 -4.2
120K 18.5 6.6 “S5.4
l44K ——  22e% 8.0 -605
96K 16-8 502 "‘.2
438K - Tel 2.5 __109
24K 3.4 1.1 "'.1
oK 0.0 0.0 0.0

VRUE STRESSES (KSI) SHEAR STRESS (KSI)

LGAD LEG *A® LEG *C» LEG *A%* OR %(C*
0K 0.0 0.0 0.0
24K 3,6 % -ol
48K 7.6 5 -.1
12K Li.6 Y] =0
6K 15.6 4 -0
120K 19.7 -8 0.0
144X 23.8 1.0 el
120K 19.8 «9 0
- 96K 15.8 B -el
12K 11.7 -6 -1
48K 7.7 «6 ‘=l
24K 3.7 Py -l
oK 0.0 0.0 , 0.0



ROSETTE NUMBER * 30

PRINCIPAL STRESSES (KSI) ANGLE (DEGREES)
FMAX FMIN TMNAX PRI

0.0 0,0 0.0 0.0
3‘6 o“ 106 "703
706 05 306 "45.7
ll.b b 5.5 -‘5-2
1506 07 705 "5.1
19.7 «8 e 4 -45.0
2308 1.0 ‘4408
19.8 9 —h4 <9
15.8 8 -45 .4

T.7 5
3.7 o
0.9 0.0

‘45t8
—4707
360.0

1107 b ° "5.3




RELIABILITY ANALYSIS FATIGUE TEST .
45 DEGREE ROUSETTE SINGLE GAGE lNSlALLATION
PANEL NUO1 STATIC TESVT 5-4-1970 THROUGH 5-13-1970

LOAD

oK
24K
48K
72K
96K
120K
144K
120K
9oK
72K
48X
24K
OK

" LOAD

0K
24K
48K
72K
96K
120K
144K
120K
96K -
72K
48K
24K
0K

-65 DEGREE ROSEVTE (SINGLE lNSTALﬂATlONf

ROSETTE NUMBER * 3]
ET=  10.5 EC=. 10.7 POYISSONS RATIO = .330

LEG STRA!NS {100 MICROINCHES/INCH)

LEG "*Ax © LEG =g* . LEG #(Cs
. 0.0 0.0 ! . 0.0
3c4% 1.2 -l.3
7«3 e ~25
1.2 3.8 3.7
15.1 5.1 -8 9
19.0 6ot -6.1
23.1 7.8 ~Te3
19-1 6.5 - 8.0
15.1 Sol * -4.8
ll-Z 3.8 -3.6
Te3 2:% =25
3.4 le} -ls2
0.0 0.0 0.0
TRUE STRESSES (XSI) SHEAR STRESS (KSI)
LEG *Ax LEG *(C*= LEG ®A%x QR *(C+#
0.0 0.0 0.0
3.5 ) ~el el
Tab ~el «0
11.8 -«0 ‘ 20
1509 Ol " » ~e0
20.1 o2 -l "
2“;‘!'. ol -Cl
26. «3 -el
lb. o2 -l
11.8 ol ' 0
7.6 -.1 - =0
3.5 -l . ’ «0
0.0 0.0 0.0

73




LOAD

24K
48K
12K
96K
120K
|E T 1N
120K
96K
12K
48K
24K

ROSETTE NUMBER & 31

PRINCIPAL SYRESSES (KSK)

f MAX FMIN
®.0 0.0
3.5 -2
Teb -ol

ll.ﬂ ~.0
15.9 B |
20.1 2
2‘.“ .“
20.2 3
16.0 2
11.8 ol
7.6 "ol
3-:5 -l
0.0 0.0

74

THMAX

0.0
1.9
3.9
5.9

ANGLE {DEGREES)
PHI

0.0
-*‘308
-44.8
"‘4-9
"*51- l
~45a1
"“5.2
"*5.2
'QS.Z
"QS.O
"*5.‘
wllyob
360.0

_;Q
!
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RELIABILITY ANALYSIS FAVIGUE TEST

A

45 DEGREE ROSETTE SINGLE GAGE INSTALLATION
PANEL NOL STATIC TEST 5~4~1970 THROUGH 5-13-1970

\

~LOAD

24K
48K
72K
96K
120K
144K
120K
96K
12K
48K
24K
OK

LOAD

0K

| 24K

oncnmtaby

48K
12K

96K

120K
144K
120K
96K
72K
48K
24K
oK

45 DEGREE ROSETTE (SINGLE lN§iALLATlOND

/
/
{

"ROSETTE NUMBER = 32
10.7 -

ET= 10.5 - EC= POISSCNS RATIO = ,330
LEG STRAINS (100 MICROINCHES/ INCH)
LEG *As LEG *B# LEG ®(C®

0.0 . 0.0’ 0.0

3.5 1.3 b

6Q9 2.5 : "'106

105 3.7 "2.7

l‘.l 5.0 -306

17.7 Y 6.3 "'5.7

2‘.3 Teb6 "507

1708 6-3 -‘.7

14.2 501 "307

10.17 3.8 "'2.1

7.1 . 2.5 -l.?

3.6 ) 1.3 -7

0.0 f~ J 0.0 0.0
P ) o o

TRUE STRESSES' (KSI) " SHEAR STRESS (KSI)
LEG #*A® f LEG *Cw LEG ®A% QR =(s

. . 0.0 0.0 0.0

3.9 b -ol

7«5 8 ~ol

‘113 le.0. -el

15.2 1.2 -2

19.1 lo4 -2

ZZ.? leb -02

19.2 leé -2

15.3 12 -.1

- 11,5 ) ~.1

g Te? -8 . =el

3.9 ) l\ -1

0.0 0.0 | 0.0




o

LUAD

0K
24K
48K
72K
96K
120K
144K
120K
96K,
13
48X
24K
0K

ROSEVTE NUMBER ¢ 32

PRINCIPAL STRESSES (KSI})

FMAX FMIN . TMAX
0.0 0.0 0.0
3.9 .6 1.6
7.6 .8 3.

11.3 .9 5.
15.2 1.2 1.
19.1 1.3 8.
22.9 1.5 10.
19.2 1.4 8.
15.3 1.2 7.
11.5 .9 5.
7.7 .8 3.
3.9 .6 1.
0.0 0.0 0.
76

O~ﬂ\hhﬂ-0~¢0<§h{&‘

ANGLE (DEGREES) ;
PHI :

0.0 C\
“0100
"4‘6.1
~£5.8
-‘5-'8
-6©5.6
-$5OS
7457
45,6
-Q5.7
~%6.2
-46.3 /
360.0 '
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/RELIABILITY ANALYSIS FATIGUE TEST
45 DEGREE RUSETTE SINGLE GAGE INSTALLATION
/ PANEL NUL1 STATIC TEST 5-4-1970 THROUGH 5-13-1970

45 DEGREE ROSETTE (SINGLE lNSIAlLAIlUN)

ROSETTE NUMBER ¢ 33

ET=

LOAD

0K

24K

48K

72K

6K
120K
MoK
120K
96K

46K
24K

LUAD

oK
24K
48K
12K
96K
120K
144K
120K
96K
42K
48K
24K
OK

POISSONS RATIO = .330

(kS )

LEG ®A% QR *C*

10.5 , EC= 10.7
N
L
LEG STRAINS {400 MICROINCHES/ INCH)
LEG *A¥* LEG *B* LEG *=(C¥*
0.0 0.0 0.0
5.0 1.3 "l.&
901 2e 6 "2.6
1302 3.9 "3.9
17.3 5.3 -5.2
21.5 6.8 -6.4
2547 8.1 -T.6
2[.4 6a T -6.3
173 53 =-5.1
13.2 ja9 "308
9'-1‘ 2.6 -206
5,0 1e3 -1.3
pl ol «0
TRUE STRESSES (KSI} SHEAR STRESS
LEG *A® LEG *C*
0.0 0.0 6.0
5.4 3 "9‘
9.7 o "'05
14.0 5 ~ob
18.4 | ~ab
22.8 -8 -l
27.3 l.0 ~o7
22.8 -9 -7
18.4 -8 ~-eT
14.0 b Y -
S.7 ) o5 Y-
Sele ok oty
.l .l .o

71
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ROSEYTE NUMBER ¢ 33

PRINCIPAL SVRESSES (KSK) ANGLE (DEGREES)

LOAD FHRAX FNIN Yﬂel PHl
oK 0.0 0.0 ¢.0 0.0
24K 5.¢ 3 28 —49.3
48K 9.7 ok 406 —47a9
72K 14.0 5 6.8 -4Te3
96K 168.5 o7 8.9 -46.9
144K 27.3 1.0 13.2 45645
120K 22.8 «8 11.0 =468
96( w.5 .8 8.9 ""701
72K ' 14.0 b 6a7 —4Tad (R
8% 9.7 _ 5 . 46 -48.2
24K S04 3 295 -£943
ox el ol 0 =45 .0
4
/
/
~

78




RELIABELETY ANALYSIS FATIGUE TESI -
45 DEGREE ROSETVE SINGLE GAGE INSTALLATVION
PANEL NOL STAVIC TESY 5-4-1970 THROUGH 5-13-1970

45 DEGREE RUSETTE (SINGLE ENSTALLATION}

RGSETTE NUMBER ¢ 34

EY= 10.5 ECt 10.7

LEG STRAINS (100 KICRO!

LOAD LEG %As LEG #=p=

oK 0.0 0.0
24K 3.7 . 1.2
438K 7.5 2.5
72 11.2 3.9
96K 15.0 5.3
120K 8.3 6.6
144K 22.7 8.0
120K 18.9 6.6
96K A 15.1 5.3
T2« li.3 3.9
484 Te5 2.6
24X 3.8 1.2
oK ’ 0.0 «0

YRUE STRESSES (XSI)

LOAD LEG *As LEG *C#»

oxX 0.0 0.0
24K 4.1 -6
48K : 8.0 -6
72K 12.1 8
96K 16.0 -9
120K 20.1 i.0
144K 24,2 1.1
120K 20.2 1.0
96K l6.1. -9
12K 12.1 -8
48K ) 8.1 ' . 4
24K 4.2 .6
oK 0.0 0.0

19

POISSONS RATIO =

NCHES/ INCH)
LEG *C»

0.0
-8
~1l.9
-3,0
~Hal
-5.4
-6.d
~5.3
"‘.2
-3l
~-1.9
-7
0.0

«330

SHEAR STRESS (XSI)

LEG *A%x OR

0.0
~ed
-l
~—el
~el
~el
'ol N
-l
ol
~ol
—ed
~ed
«0

oCe




\\\,//

LOAD

24K
49K
2K
96X
120K
164K
120
96K
12K
48K
26K

ROSETTE NUMBER ¢ 34

PRINCIPAL STRESSES (xsi)
™

FHAX FMIN

0.0 0.0 0.0
4.1 5 1.8
8.0 ) 3.7
12.1 «8 Seb
16.0 .9 Teb
20.1 1.0 9.5
24,2 1.1 Lied
20.2 1. 9.6
16.1 :U\\ . Teb
12.1 «8 \‘\5'-1
8.1 -7 3.7
4,2 6 1.8
.0 ~a0 «0

80

ANGLE (DEGREES)
411

0.0
-46.68 !
-§6.5
“0509
"*‘5.3
"“5.2
'6502
-§5.3
"‘5-6
"#5.6
"‘6-5
"68.1

0.0




RELIABILITY ANALYSIS FATIGUE TESY
45 UEGREE ROSETTE SINGLE GAGE INSTVALLATION
PANEL NUL STATIC TESY % 3~1970 THROUGH 5-13-1970
«5 DEGREE RUSETTE (SINGLE INSTALLATION)

ROSETTE NUMBER * 35

ET= 10.5 -EC=  10.7 PULSSONS RATIO = 330

oK

LEG STRAINS (100 MICROINCHES/ INCH)

81

LOAD LEG ®A¢ LEG 8% LEG *(»

oK 0.0 0.0 0.0
26K 3.6 1.1 ~le2
48K T.4 2.4 ~2.%
96K 15.2 5.0 ol Y 4
120K 19.1 6.4 ~509
120K 19.2 6.4 ~5.8
96K 15.3 5.1 et TY)
72K 1l.4 308 -3.5
QBK T.b 2.5 -2+3
2% 3.7 1.2 -1le2
0K 0 «0 «0

TRUE STRESSES (KSI) SHEAR STRESS (XS}
LOAD LEG *As LEG #(¢ LEG *A® OR e(C»

oK 0.0 0.0 4 0.0
24K 3.8 -0 el
48K T.8 el ~el
12K 11.9 o2 ~e2
96K 16.1 o % el
120K 2003 5 ~el
144K 2445 o7 ~od
120K 2063 b -l
96K 16.3 5 el
12K 121 % ~ad
48K 8.0 P4 ~el
24K 3.9 el -l
ol ol ¢




LOAD

24K
48K
12K
96K
120K
144K
120K
96K
72K
48K
24K

ROSETYE NUMBER * 35

PRINCIPAL STRESSES (KSI)

FMAX

0.0
3.8
7.8
11.9
16.1
2*.5
20.3
8.0
3‘9
.l

 FMIN

0.0
—-.0
"
2
%
3
.7
b
5
.o
2
Cl
el

82

TMAX

Q.0
1.9
3.9
5.9
7.9
9.9
11.9
9.9
Te9
5.9
3.9
1.9
«0

ANGLE (DEGREES)
PHI

0.0

- 6.?
- 5.9
- 5o8

~45,7
-45.6
“5.5
-45.7
~65.7
"‘5.7
-4‘509
—‘6u5




s

Strain Gsge Locations on Panel 2

Location Type
Gage x ¥ Dxill Oritt
{in) -] (in) | entryside exitside | Uniaxisi | Rosette

1 -21 36 ® °
2 0 36 ® .
3 +21 35 ° .
4 =21 36 ' . .
5 0 35 ® .
8 +21 36 ® ®
7 0 72 . o
8 0 72 ° ®
) -21__ | 108 D °
10 0 109 ° °
11 +21 109 0 ®
18 +20.8 72 ® o

|

|

|

!

/
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Strain Gage Data, Panel 2, First Cycle Before Fatigue Test

INCREASING LOAD

Strain (p€)

T T S R S Py iy ST

“Load (ib) |
Gape >~ | o 24,000 48,000 | 72,000 | 96,000 | 120,000 | 144,000
I 26 466 | B44 | 1239 1630 | 2025 | 2420 |
2 23 469 854 | 1,236 1618 | 2002 | 2387
3 49 466 861 | 1,255 1,653 2,051 | 2,451
4 L.’ 4 404 | 802 197 ons92 | 1,990 | 2,387
L5 10 298 676 | 1085 | 1436 | 1821 | 2203
6 19 398 789 | 1,187 1,585 1,990 2,391
7 0 A6 728 1,110 1495 | 1,883 2,271
8 29 446 828 1,213 1,505 1,983 2,371
9 55 466 854 1,245 1,630 2,025 2,420
10 0 427 802 1,181 1556 1,941 2,323
11 49 450 834. 1,223 1614 |. 2,009 2,400
18 3 | 32 754 1,148 1,546 1947 | 2342
DECREASING LOAD
’ , Strain (u€)
_Load (ib) ;
Gage 120,000 96,000 72,000 48,000 24000 | 0
t 2,022 1,630 1,236 848 459 32
2 2,002 1,621 1,239 857 476 29
3 2,054 _ 1,656 1,262 867 476 58
4 1,990 1,592 1,200 806 414 26
5 1818 1,436 1,058 679 - 304 16
6 1,990 1,688 L 1,194 799 404 29
7 1,880 1,498 1,113 731 349 6
8 1,983 1,695 1,213 831 450 36
9 2,025 1,630 1,239, 854 466 58
10 1,941 1,563 1,187 809 430 29
1 2,012 1618 1,229 844 456 55
18 1,947 1,546 1,156 760 366 13
84
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Strain Gage Data, Panel 2, Second Cycle Before Fatigue Test

INCREASING LOAD

Strain (u€)
~~_Load {Ib)]
Gage 0 24,000 48,000 | 72,000 | 96,000 | 120,000 | 144,000
1 32 460 847 1,240 1,634 2,028 2,426
2 29 476 857 1,240 1,621 2,006 2,394
R 88 476 876 1,260 | 1,656 2,057 2,459
4 26 418 810 1,200 1,598 1,996 2,394
5 16 304 680 1,080 1,436 1,821 2,206
T 6 29 405 ‘756 1,190 1,592 1,99 2,397
7 6 350 730 1,110 1,498 , 1,886 2,271
8 36 450 831 1,210 1,508 1,990 ' | 2,374
9 58 470 857 1,250 1,% 2,028 2423
10 29 430 805 1,180 1, 1,944 2,326
1 55 456 838 1,230 | 1521 2,012 2,407
18 13 379 756 1,150 1,553 1,951 2,349
L -t
DECREASING LOAD _
Strain (p€) K
__Load (tb) ‘ =
' Gage 120,000 | 96,000 72,000 48,000 24,000 0
1 2,025 . 1,634 1,239 851 463 36
2 2,006 1,624 1,242 864 479 32
3 2,057 1,663 1,265 873 479 61 .
4 1,993 1,598 1,203 812 417 20
5 1,821 1,443 1,061 682 307 16
6 1,996 1,595 1,200 802 404 29
7 1,886 * 1,501, 1,116 734 353 3
8 1,986° 1,601 1,216 835 453 42
9 2,025 1,634 1,245 854 469 65
10 1,944 1,566 . 1,180 812 433 0
1 2,012 1,624 1,236 848 459 61
18 1,967 1,556 1,161 763 369 3
|
04
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i
Strain Gage Data, Panel 2, After Fatigue Test
INCREASING LOAD
Strain (u¢)
Load (Ib .

Goge 0 24,000 48,000 | 72,000 | 96,000 | 120,000 | 144,000
v 1 o 434 826 1,220 1,610 2,010 2,400
T3 T e 456 846 1,230 | 1,810 | 2,000 | 2,380
! 3 | 437 831 1,230 1,620 2,030 2,420
[ 4 0 388 783 1,180 1,670 1,970 2,370
L T 88 670 1,060 1,420 1,810 2,100
s | o 366 764 1,160 1,660 1,980 2,360

E 0 343 728 1,110 1,450 1,890 2,280
8 18 440 828 1,210 1,600 1,890 2,380
e 19 440 an 1,220 1,810 2,010 2,400
[ w0y 0 416 708 1,170 1,650 1,830 2,310

n_J 18 424 809 1,200 1,600 1,980 2,370
______ - - — - - -

A
DECREASING LOAD .
Strain (u€)
Load (b :
120,000 96,000 . 72,000 48,000 24,000 0

1 2,008 1,608 © 1,218 622 434 0

2 1,000 1,676 1,226 841 450 13
\ 3 2,022 1,621 1,226 828 437 - ([
T a 1,087 1,568 1174 780 386 0

5 1,808 1,423 1,048 668 288 0

e 1,967 1566 | 1,i58 760 369 (]
B 7 1,883 [ 1,401 1,110 725 340 0

8 1,966 1,504 1,213 826 440 19

9 2,008 1,608 1,217 829 440 23

10 1,928 1,543 1,167 789 414 0

1 1,073 9,582 1,184 806 420 16

18 — - — — - —

2T .
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